Photosensitive epilepsy (PSE) offers a highly reproducible model to investigate whether changes in neuronal activity preceding the transition to an epileptic photoparoxysmal response (PPR) may be detected. We investigated this possibility in patients with idiopathic PSE using MEG, as well as normal controls and non-photosensitive epileptic patients of the same age group. Spectral analysis of the MEG signals recorded during intermittent light stimulation revealed relevant information in the phase spectrum. To quantify this effect, we introduced a second order response feature of the stimulus-triggered visual response preceding the PPR: the phase clustering index, which measures how close the phases of successive periods are grouped for each frequency component for all periods of the stimuli applied. We found that an enhancement of phase synchrony in the gamma-band (30-120 Hz), harmonically related to the frequency of stimulation, preceded the stimulation trials that evolved into PPRs, and differed significantly from that encountered in trials not followed by PPR or in control subjects. Thus this index can be considered a valuable index of the pro-ictal transition to seizures in photosensitive epilepsy.
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Summary
Photosensitive epilepsy (PSE) offers a highly reproducible model to investigate whether changes in neuronal activity preceding the transition to an epileptic photoparoxysmal response (PPR) may be detected. We investigated this possibility in patients with idiopathic PSE using MEG, as well as normal controls and non-photosensitive epileptic patients of the same age group. Spectral analysis of the MEG signals recorded during intermittent light stimulation revealed relevant information in the phase spectrum. To quantify this effect, we introduced a second order response feature of the stimulus-triggered visual response preceding the PPR: the phase clustering index, which measures how close the phases of successive periods are grouped for each frequency component for all periods of the stimuli applied. We found that an enhancement of phase synchrony in the gamma-band (30-120 Hz), harmonically related to the frequency of stimulation, preceded the stimulation trials that evolved into PPRs, and differed significantly from that encountered in trials not followed by PPR or in control subjects. Thus this index can be considered a valuable index of the pro-ictal transition to seizures in photosensitive epilepsy. © 2011 Elsevier B.V.
The concept of photosensitivity
Photosensitivity is the ability to elicit epileptiform discharges or photoparoxysmal responses (PPRs) by means of intermittent photic stimulation (IPS) that may be recorded using Electroencephalography (EEG)/ Magnetoencephalography (MEG). Guidelines used to investigate this condition were recently reviewed by Rubboli et al. (2004) . Visual stimuli are the most common external factors triggering seizures in humans, and therefore photosensitive epilepsy (PSE) constitutes the most common form of reflex epilepsy in humans (Harding and Jeavons, 1994) . Common precipitants are not only television images, but also flickering lights, as for example sunlight flickering through a row of trees or colored light flashing in a discotheque environment. In addition many patients are also sensitive to high contrast bar patterns around 3 cycles per degree (Harding and Harding, 2010) . Photosensitivity is more frequently associated with idiopathic generalized epilepsies than with focal epilepsies (Guerrini and Genton, 2004) .
The pathophysiology of human photosensitivity is still not well known. It is currently assumed that photosensitive subjects may have impaired visual cortical mechanisms of contrast gain control for certain visual patterns, producing an abnormal excitatory response to patterns of relatively low temporal frequency and high luminance contrast (Porciatti et al., 2000) . Both stimuli that consist of simple luminance modulation of white light and stimuli that consist of changes in light wavelength may trigger PPRs. The role of the latter was particularly put in evidence by the so-called Pokémon incident where a sequence of colored TV scenes, alternating between long wavelength red and cyan blue caused epileptic seizures in 560 youngsters in Japan (Harding, 1998; Takahashi et al., 1999) . Harding and Fylan (1999) postulated that the stimulation of specific visual pathways, the parvo-and magnocellular pathways, may differently contribute to the generation of PPRs; the former would account for the activation of color dependent processes, would be sensitive to high contrast, high spatial frequency but low temporal frequency and would be highly provocative, whereas the latter would respond to low spatial frequency but high temporal frequency, would not be responsive to color changes and associated with milder forms of PPR. Furthermore in pediatric patients, it was demonstrated by applying checkerboard visual-evoked potentials and analyzing the habituation process (Brazzo et al., 2011) , that cortical mechanisms of contrast gain control are severely impaired.
A search for markers of signals preceding the transition to photoparoxysmal responses
Photosensitive epilepsy (PSE) offers a highly reproducible model to investigate in humans whether changes in neuronal activity preceding the transition to an epileptic photoparoxysmal response (PPR) may be detected. We investigated this possibility in patients with idiopathic PSE using 151-channels Magnetoencephalography (MEG), as well as in normal controls and non-photosensitive epileptic patients of the same age group.
The basic study incorporated 10 patients with idiopathic PSE. Two main reasons led us to choose MEG. First, wholehead MEG recordings offer a higher spatial resolution than routine scalp EEG recordings, as magnetic field fluxes are less distorted by the smearing effect of the skull than electric potential changes. Second, MEG recordings can be performed in a more friendly and rapid way than equivalent EEG recordings since electrodes are not required. Third, MEG allows the analysis of synchronization and coherence more readily since MEG recordings do not require a reference sensor. Details of the methodology are given by Parra et al. (2003) .
Suffice here to note that IPS was performed using an ultra-high resolution LCD light-valve projector that produced a full-field uniform flash stimulation at a maximal intensity of 200 lx. IPS was tailored to each patient, starting always with the least provocative stimulation condition and progressively moving to more provocative paradigms until a reproducible PPR was obtained. IPS was performed at 10, 15 and 20 Hz, under two different eye conditions ('eyes open' or 'eyes closed') but only the data obtained under the condition 'eyes-open' was used for analysis since this condition was the most provocative. The 15 Hz red-and-blue flicker stimulus was the most provocative one. Trials where a PPR was not elicited formed the non-PPR group. In addition a group of normal subject (n = 5) without PPRs were investigated.
The main aim of this study was to find markers in the MEG signals that would be a characteristic of the period preceding the transition between normal on-going activity and the PPR. Amplitude or power of different frequency bands of these signals yield no consistent information that might be characteristic of the pre-transition period, in contrast to phase information.
The relevance of the phase clustering index (PCI)
We defined a new variable, the phase clustering index (PCI) or phase consistency index, which accounts for a measurement of the phase dispersion of the different frequency components as illustrated in Fig. 1, i. e. of the phases of the different frequency components of the visual system's response for all periods of the stimuli applied. PCI is a measure of how close the phases of successive periods are grouped for each frequency component and ranges from 0 (phases scattered) to 1 (maximal phase grouping). PCI was computed per channel and for all MEG channels. To normalize PCI we compared the PCI at all the harmonic frequencies with that at the frequency of stimulation (fundamental frequency) as reference. Methodological details of the phase analysis and its stability were previously published (Kalitzin , 2002) . This normalization yield a quantity that we termed relative PCI or rPCI: this measures the maximal positive difference between the phase consistency at any of the higher harmonic components of the system responses and the phase consistency at its fundamental frequency. Fig. 1 illustrates the concept of phase clustering. Each arrow represents a complex number corresponding to a harmonic component of the response evoked by the IPS, with the real part projected on the horizontal axis and the imaginary part projected on the vertical axis. The phase of a complex number is the planar angle of the arrow measured from the horizontal axis. The blue arrows form a sequence of complex harmonics with large phase dispersion (low PCI), pointing in random directions. The red sequence, on the contrary, represents complex harmonics with phases clustered in the vertical direction (+90
• ) and therefore with high PCI across different frequencies of stimulation.
The main result was that PCI of the higher harmonics in the gamma band (30-120 Hz), related to that of the fundamental frequency of stimulation (rPCI), was larger than the PCI at the fundamental frequency when the stimulation evolved into PPR. Thus, these patients presented larger rPCI values in most of the trials, which elicited a PPR (Fig. 2) . This did not occur in those cases where IPS did not provoke a PPR.
Neither the trials that did not evolve into PPRs, nor the evoked responses in normal subjects without PPR, showed enhanced values of rPCI Thus this phase clustering index can be considered a valuable index, or biomarker, of the pro-ictal transition to seizures in photosensitive epilepsy, such that rPCI may be used to anticipate the occurrence of the transition between a state characterized by a normal photic driving response to an abnormal one, consisting of paroxysmal oscillations.
Implications of the results for other cases of transition to epileptic seizures
The finding that rPCI can be a relevant biomarker of brain signals that are characteristic of the period preceding a PPR, led to investigate whether a similar index may be relevant to other cases of transitions in other types of epileptic seizures, such those occurring in Temporal Lobe Epilepsy (TLE). In these cases, however, a natural sensory stimulus that might be used to probe the excitability state of the neuronal networks of patients with TLE is not available. Therefore we tested an alternative approach. We took advantage of the fact that some of these patients, with medically refractory TLE, carry stereotaxically implanted intracerebral electrodes in order to record seizures during pre-surgical evaluation. Thus we were able to probe the excitability state of the local networks in these patients, using intermittent electrical pulse trains, typically at the frequency of 10-20 Hz, since this was the same frequency range that proved to be efficient in the previous study of photosensitivity (Parra et al. (2003) .
Without entering into details, that have been described elsewhere (Kalitzin et al., 2005) , we may state that the rPCI values measured from EEG signals, particularly conspicuous for the components in the frequency range from 120 to 180 Hz, showed values of rPCI > 0.6 in those cases where a seizure would occur in less than 2 h; this prediction had Figure 3 Spatial distribution of rPCI values per magnetic sensor over the helmet. Left-hand plot: the brain area over which high values of rPCI are seen is much wider for patients in whom PPR (light stimulation at 20 Hz) was elicited than for those where this did not occur (middle plot), or for normal subjects matched according to age and sex (right plot). The results are the average of rPCI values from four trials followed by PPR at 20 Hz stimulation (left), compared with two trials not followed by PPR in the same subject (middle), and the average of four trials in an age-and sex-matched control (right). Adapted from Parra et al. (2003) .
an accuracy of more than 80%. Lower rPCI values (between 0.1 and 0.3) were associated with much longer intervals to a seizure. Consequently we may extend the concept that rPCI values can be used to anticipate the transition to PPRs in Photosensitive epileptic patients to the transition to seizures in TLE. These findings underscore the importance of using active paradigms, where brain systems are stimulated, in order to estimate the excitability state of these systems. Furthermore the results described above show that there are changes of excitability, at least in some forms of epilepsy, that have predictive value with respect to the upcoming transition to an epileptic seizure.
Generalization of the concept of active stimulation paradigms to anticipate epileptic seizures
Recently we demonstrated using computational models of neuronal networks (Kalitzin et al., 2010 ) that can display both normal and epileptic behaviors, that the application of a suitable perturbation to a neuronal network, such as electrical stimulation in the case of TLE or intermittent light stimulation in the case of PSE, can reveal features of the system's excitability state that are not easily detected by just recording spontaneously on-going brain signals and that may indicate the risk of an impending seizure. Furthermore, if these features are detected early, transitions into seizures might be blocked. On the basis of generic and realistic computer models we explored the concept of acute seizure control through state-dependent feedback stimulation. We showed that in some classes of dynamic transitions, this may be achieved with a relatively limited amount of stimulation.
In short, transitions into seizures can be caused by parameter changes in the dynamic state or by interstate transitions as occur in multi-attractor systems; in the latter case, only a weak statistical prognosis of the seizure risk can be achieved. Nevertheless, we claim that by applying a suitable perturbation to the system, relevant biomarkers of an impending transition to a seizure may be estimated.
A hypothesis concerning the control of high frequency phase clustered domains of the brain
The results presented above imply that in the period anticipating a seizure there is an enhancement of phase clustering particularly in the high (gamma) frequency range. We know that high-frequency oscillatory processes normally operate to transiently connect neural assemblies involved in neurocognitive functions as reviewed by Singer (1999) . In a normal brain the phase clustering increases at the start of the IPS but decays rapidly to low values within about one second. In an epileptic brain, however, this decay is much slower, or may not occur at all, such that the phase clustering index stays high. This would imply that the neuronal processes controlling phase clustering in beta/gamma band oscillations are labile in patients with PSE and unable to control the synchronization of these oscillations. Consequently this enhanced state of phase clustering of these oscillations lasts longer and tends to expand to other brain areas (Fig. 3) . Similarly the same process may happen also in limbic neuronal networks in patients with TLE.
The fact that the enhanced rPCI values appear in a number of magnetic sensors widely distributed over the head when IPS leads to PPR, and similarly in a number of electrode sites in and around the ictal onset zone in TLE, suggests that the breakdown of what we may call ''gamma control'' also enables the spatial spread of synchronization. As a consequence, these oscillations, released from the normal control, can display synchrony over much larger cortical areas. Thus, some sort of recruitment or dynamic capture of neurons into larger assemblies appears to precede the epileptic chain reaction (ictal cascade) that leads to the transition to an epileptic seizure.
High frequency phase clustered oscillations are enhanced in the route to epileptic seizures
Intracranial recordings have revealed that gamma band oscillations often appear at the onset of various forms of epileptic seizures (Alarcon et al., 1995) . These fast activities appear very close to the site where the seizure starts and are considered to be a reliable indicator of the epileptogenic area. Even more relevant are the findings that (i) high frequency oscillations in the frequency range of 80-500 Hz may appear in the dentate gyrus in the post status epilepticus model of the temporal lobe of epilepsy , and (ii) that the occurrence of fast ripple oscillations (200-500 Hz) is significantly associated with epileptogenic areas in the hippocampus of patients with medial temporal lobe epilepsy (Staba et al., 2004) . These authors (Bragin et al., 2010) hypothesized that clusters of highly interconnected neural networks are capable of overcoming local inhibitory processes leading to the generation of epileptiform activity.
In conclusion, the study of phase consistency of high frequency EEG/MEG components can reveal properties of neuronal networks that are informative about their excitability state. The clue is that these properties are easier to put in evidence when the response of the neuronal networks is evoked by an ''active'' stimulation paradigm than by just analyzing spontaneous EEG signals. The ''active paradigm'' may be considered a probe of neuronal excitability state capable of revealing hidden information contained in the phase structure of neuronal activities. In this context the high frequency band components appear to be the most reactive signals.
